Immune checkpoint blockade is associated with endocrine-related adverse events. Thyroid dysfunction during pembrolizumab therapy, an anti-programmed cell death 1 (PD-1) receptor monoclonal antibody, remains to be fully characterized.
enhance antitumor immune responses (1) . Immune checkpoint blockade is associated with a risk for immunerelated adverse events (irAEs) potentially affecting the endocrine organs (2, 3) . Pembrolizumab, an IgG4 PD-1-directed mAb, improves the overall survival of patients with advanced melanoma and has been registered for this indication by the European Medicines Agency and the U.S. Food and Drug Administration (4, 5). Pembrolizumab therapy has been associated with a 57-79.5% incidence of any irAE, among which are hypothyroidism (5-10.1%) and hyperthyroidism (Ͻ2-6.5%) (6 -9) . In KEYNOTE-002 and -006, two phase III pembrolizumab trials in melanoma, hypo-and hyperthyroidism occurred in 5-10.1% and 3.2-6.5% of patients, respectively (8, 9) . In a retrospective analysis of 92 pembrolizumab-treated cancer patients at the Mayo Clinic, abnormal thyroid function tests were detected in 14% of patients, mainly involving cases of hypothyroidism and thyroiditis (10) . Anti-thyroid peroxidase antibodies (TPOAbs) were elevated in 50% of evaluable patient cases. In a case series of 10 patients with painless thyroiditis syndrome on anti-PD-1 mAb therapy, all were diagnosed with hypothyroidism, which was preceded by transient thyrotoxicosis in six of the patients. TPOAbs were detected in 66% of available patient cases (11) . A systematic prospective analysis of thyroid function and thyroid autoantibodies in pembrolizumab-treated melanoma patients has yet to be reported. It remains unknown which patients are at risk for developing thyroidrelated adverse events (AEs). It is unclear how the thyroid function evolves over time during pembrolizumab treatment and what the role is for thyroid autoantibodies. Finally, additional insight into the toxicity mechanisms and the specific role of PD-1 and its ligand in thyroid irAE could enable a better understanding of the pathophysiology of autoimmune thyroid disease. The aim of the present study is to investigate the incidence and characteristics of thyroid-related AEs in a "real-life" cohort of melanoma patients treated with pembrolizumab at the Oncology Center of the University Hospital of Brussels.
Patients and Methods

Patients
Patients with advanced/unresectable (American Joint Committee on Cancer [AJCC] stage III/IV) melanoma who initiated pembrolizumab treatment between September 3, 2014, and January 4, 2016, in an expanded access program (EAP) were recruited in a therapeutically noninterventional academia-sponsored clinical trial (12, 13) . This study was approved by the Ethical Committee of the University Hospital of Brussels; written informed consent was obtained from all patients. The ClinicalTrials.gov identifier is NCT02673970. Patient characteristics (age, gender, history of thyroid disorder, prior immunotherapy, melanoma staging), thyroid function tests, and thyroid autoantibodies were retrieved from the medical records along with the washout period between the last dosing of prior immunotherapy and the first pembrolizumab dosing.
Pembrolizumab immunotherapy
Pembrolizumab (Keytruda; Merck Sharp & Dohme Corp.) was administered in accordance with manufacturer-approved guidelines for the use of pembrolizumab in the EAP (2 mg/kg every 3 weeks). All patients received at least one administration of pembrolizumab. No patient had to be excluded for active autoimmune disease, which was our main eligibility criterion for initiating pembrolizumab treatment in the EAP. Baseline tumor staging was according to the AJCC Staging Manual, 7th edition (14) . Performance status was classified using the Eastern Cooperative Oncology Group (ECOG) score (15) . Response to immunotherapy was assessed by immune-related response criteria (16) . Patients received three cycles of pembrolizumab followed by radiological assessment. On progressive disease (PD), consecutive radiological assessments at least 4 weeks apart (according to immune-related response criteria) were performed. If PD persisted, pembrolizumab was discontinued. Pembrolizumab was further discontinued based on manufacturer-approved guidelines (17) or the investigator's clinical judgment.
Thyroid function tests and thyroid-related AEs
TSH and free T 4 (fT4) were prospectively assessed at baseline and before each pembrolizumab administration. Thyrotoxicosis was defined as a suppressed TSH level with an elevated fT4 and/or free T 3 (fT3) level. Hypothyroidism was defined as an elevated TSH level with a decreased fT4 level. Subclinical hypothyroidism or thyrotoxicosis was defined as an elevated or suppressed TSH level, respectively, with normal fT4 and fT3 levels. Thyroid irAEs were graded according to Common Terminology Criteria for Adverse Events, version 4.03 (18) . This classification uses the term hyperthyroidism; in this manuscript, we preferred the term thyrotoxicosis in order to be unambiguous for the endocrinologist. Our institutional laboratory's Department for Hormonology & Tumor Markers measured the serum TSH, fT4, fT3, TPOAb, and TSH receptor antibodies (TRAbs) using the Elecsys electrochemiluminescence immunoassays on a Cobas 6000 immunoanalyzer (Roche Diagnostics). The within-run and between-run coefficients of variation were Ͻ2% and Ͻ6.5% for TSH, Յ2% and Ͻ5% for fT4, Յ1.6% and 2.15% for fT3, Ͻ5% and Յ7% for TPOAb, and Յ6.6 and 10.1% for TRAb. Reference laboratory values were: TSH, 0.27-4.20 mIU/L; fT4, 11.6 -22.0 pmol/L; fT3, 4.0 -6.8 pmol/L; TPOAb, Ͻ34 kIU/L; and TRAb, Ͻ1.75 U/L.
Thyroid autoantibody subanalysis
The measurement of thyroid autoantibodies was performed at the time of onset of thyroid dysfunction. In addition, evaluable plasma samples obtained before the introduction of pembrolizumab were analyzed for baseline TPOAb status in patients whose TPOAb status during thyroid-related AE was identified. These plasma samples were prospectively collected after obtaining written informed consent. Blood samples were collected in 10-mL EDTA tubes and immediately centrifuged at a relative centrifugal force of 1410.63 ϫ g during 15 minutes at room temperature. Plasma was separated and stored in 1-mL aliquots at Ϫ80°C (19).
FDG-PET/CT subanalysis
In patients with thyrotoxicosis compatible with inflammatory thyroiditis due to rapid onset and spontaneous progression to hypothyroidism, 18 fluorodeoxyglucose-positron emission tomography/computed tomography ( 18 FDG-PET/CT) studies were retrieved from the medical records and investigated post hoc for increased 18 FDG uptake in the thyroid gland. When evaluable, 18 FDG-PET/CT studies obtained before the first pembrolizumab dosing were compared to imaging results obtained closest after the onset of thyrotoxicosis. 18 FDG uptake in the thyroid was assessed both visually and semiquantitatively by measuring the peak standardized uptake value corrected for body weight in a three-dimensional region of interest placed over the thyroid. Before 18 FDG administration, patients were instructed to fast for at least 6 hours to minimize glucose-related competition of 18 FDG uptake and to reduce serum insulin to near basal levels. Blood glucose levels were checked before the imaging procedures. None of the patients presented with glucose levels exceeding 200 mg/dL. Whole-body 18 FDG-PET/CT images were acquired 60 minutes after iv tracer administration ( 18 FDG activity range, 255-355 MBq; average, 311 MBq) using a high-end PET/CT scanner (Gemini TF64 PET/CT; Philips). PET images were reconstructed (using the vendor's standard BLOB-OS-TF algorithm) corrected for attenuation, scatter, and random coincidences.
Statistical analysis
All statistical analyses were performed with IBM SPSS Statistics 23 (IBM Corp.). Patient, tumor, and treatment variables were compared using the Fisher's exact test (gender, history of thyroid disorder, prior immunotherapy), the Mann-WhitneyWilcoxon test (age, melanoma staging, baseline lactate dehydrogenase [LDH] , time between last ipilimumab and first pembrolizumab dosing), the Kruskal-Wallis test (ECOG performance status, metastasis stage), and the unpaired two-sample t test (baseline mean TSH/fT4). Significance was defined as a P value of Ͻ.05.
Results
Patient characteristics
A total of 99 patients with advanced/unresectable (AJCC stage III/IV) melanoma initiated pembrolizumab Data are expressed as number (percentage) or mean Ϯ SD, unless specified otherwise. a Follow-up after start of pembrolizumab.
b Elevated LDH denotes above the upper limit of the normal range. 
Thyroid-related AEs
A total of 18 AEs related to an abnormal thyroid function test were observed in 17 patients. Figure 2 summarizes all thyroid-related AEs during pembrolizumab therapy. One patient developed both transient thyrotoxicosis and isolated hypothyroidism, which were counted as two separate events due to a euthyroid interval of 7 months in between. Thyrotoxicosis and hypothyroidism were observed in 12 and 15% of patients, respectively. Thyrotoxicosis was observed in 12 patients (three of grade 1, eight of grade 2, one of grade 3). In nine of these, initial thyrotoxicosis spontaneously progressed to hypothyroidism. There was no correlation between the severity of thyrotoxicosis and the development of subsequent hypothyroidism. Isolated thyrotoxicosis occurred in three patients (including two cases of transient and one of subclinical thyrotoxicosis). Maximum fT4 values ranged between 21.6 and 100 pmol/L. One notable patient presented with severe thyrotoxicosis (grade 3) and had an unmeasurable high fT4 value. Complementary technetium-99m (Tc99m) thyroid scintigraphy showed a diffuse low uptake, suggesting a destructive or subacute thyroiditis. Treatment with symptomatic ␤-blocker (propranolol, 60 mg/d) was initiated; thionamide was started initially but was discontinued after scintigraphy results were obtained. toxic patients progressing to hypothyroidism is shown in Figure 3 . Isolated hypothyroidism was observed in one patient with multinodular goiter, whereas thyrotoxicosis developed in one patient with a history of isolated thyrotoxicosis on prior ipilimumab. Baseline TSH/fT4 levels were normal in both of these patients. Pembrolizumab immunotherapy was temporarily interrupted for one case of grade 3 thyrotoxicosis. Pembrolizumab was not interrupted or discontinued in all other thyroid-related AEs (n ϭ 13), but it was discontinued nonetheless for PD in three patients and interrupted for a nonendocrine irAE in one patient.
Prior medical therapy associated with thyroid dysfunction
In total, 76 patients (76.8%) were pretreated with ipilimumab mAb therapy; 23 patients (23.2%) were ipilimumab-naive. Ipilimumab and pembrolizumab were always administered sequentially. Table 2 provides an overview of prior ipilimumab immunotherapy. The duration of washout after the last ipilimumab dosing was Յ4 weeks in 17 patients; Յ6, 9, and 12 weeks, respectively, in 25, 37 and 44 patients. Thyroid-related AEs developed in five of 17 patients (29%) with an ipilimumab washout Յ4 weeks vs 10 of 59 patients (17%) with a washout period Ͼ4 weeks. In patients with a washout Յ6, 9, and 12 weeks, the incidence of thyroidrelated AEs was 24, 22, and 23%, respectively. In cases of thyrotoxicosis progressing to hypothyroidism, five of nine patients (56%) had a washout Ͼ4 weeks vs Յ4 weeks in three of nine patients (33%), whereas the one remaining patient (11%) was ipilimumab-naive. The half-life of ipilimumab is 14.7 days (20) . Its plasma concentration would be negligible after 5 times the half-life, which equals 10.5 weeks. Of 15 ipilimumab-pretreated patients with a thyroid-related AE, seven had an ipilimumab washout of Ͼ10.5 weeks. Of note, two patients were on amiodarone before and during pembrolizumab therapy, one of which had developed amiodarone-induced thyrotoxicosis 8 years before melanoma diagnosis. None developed thyroid dysfunction on pembrolizumab.
Thyroid autoantibody subanalysis
Thyroid autoantibodies (TPOAb and/or TRAb) could be assessed in 10 of 17 patients with a thyroid-related AE and were elevated in four of 10 patients (40%) during thyroid dysfunction. TPOAb serology was available in all 10 patients and was elevated in three patients. TRAb was tested in five patients and was elevated in one patient at the time of thyrotoxicosis. Positive antithyroid antibodies were exclusively observed in cases of thyrotoxicosis progressing to hypothyroidism. In the one case of positive TRAb, thyrotoxicosis swiftly evolved into hypothyroidism without antithyroid therapy. This patient might have had Graves' disease rapidly shifting to hypothyroidism due to a switch in her antibody subpopulation. Additional serological analyses (on plasma samples obtained before the introduction of pembrolizumab) identified the baseline TPOAb status in four of 10 patients whose TPOAb status during thyroid dysfunction had been analyzed. Baseline TPOAb was elevated in two patients with an elevated TPOAb level during thyroid dysfunction, whereas baseline TPOAb remained unchanged in two patients in whom a normal TPOAb level was identified during thyroid dysfunction.
FDG uptake in subgroup with suspected inflammatory thyroiditis
The uptake of 18 FDG in the thyroid gland could be analyzed in seven of nine thyrotoxic patients who progressed to hypothyroidism and in whom comparable 18 FDG-PET/CT results were available. A diffuse increase of 18 FDG uptake (visually and/or semiquantitatively) after the onset of thyrotoxicosis was observed in all seven evaluated patients. Interestingly, there was no increased 18 FDG uptake in six of these patients before the introduction of pembrolizumab, whereas the one remaining patient also had an increased tracer uptake at baseline. 
Discussion
Thyroid dysfunction is a common AE in the present cohort of pembrolizumab-treated melanoma patients. Hypothyroidism and thyrotoxicosis due to suspected inflammatory thyroiditis were the most frequent clinical presentations. Thyroid dysfunction was mostly observed within the first weeks after the initiation of pembrolizumab. The time interval for the development of thyrotoxicosis progressing to hypothyroidism was particularly short, often following the first pembrolizumab dosing. Thyrotoxicosis was rarely severe, and hypothyroidism was manageable with thyroid hormone replacement therapy. Therefore, pembrolizumab was not interrupted despite the thyroid-related AE in all but one patient. The underlying mechanisms of thyroid dysfunction were further unraveled by the measurement of thyroid autoantibodies and by reviewing 18 FDG-PET/CT imaging studies. Thyroid autoantibodies were detected in nearly half of the patients with thyrotoxicosis progressing to hypothyroidism. Interestingly, we discovered that these positive TPOAb during thyroid dysfunction were already present at baseline in two evaluable patient cases. The usefulness of 18 FDG-PET/CT imaging was demonstrated in a subanalysis of patients with thyrotoxicosis progressing to hypothyroidism. A diffuse increase of 18 FDG uptake in the thyroid gland was found in all patients who were clinically suspected to have a more severe form of pembrolizumabassociated inflammatory thyroiditis. Abbreviations: pem, pembrolizumab; peakSUV, peak standardized uptake value (corrected for body weight). Overview of 18 FDG-PET/CT imaging in thyrotoxic patients with compatible inflammatory thyroiditis. Time is denoted in days before/after first pembrolizumab dosing. ⌬ signifies the difference in peakSUV (corrected for body weight) after onset of thyroiditis/before first pembrolizumab dosing, followed by the difference compared to the tracer uptake at baseline. A diffuse increased 18 FDG uptake (visually and/or semiquantitatively) was observed in all seven evaluable patients after the onset of thyrotoxicosis. Interestingly, there was no increased 18 FDG uptake in six of these patients before the introduction of pembrolizumab.
One of the strengths of this study is the large number of evaluated melanoma patients. Thyroid dysfunction was clearly defined, and all patients were systematically surveyed. This likely contributed to the higher than previously reported incidence of thyroid disorder in pembrolizumab-treated patients. In the KEYNOTE-002 trial, in which melanoma patients received a similar pembrolizumab regime (2 mg/kg every 3 weeks), hypothyroidism was only observed in 5% of patients (8) . Thyroid dysfunction has also been reported at a lower rate in non-small cell lung cancer patients. Hypothyroidism developed in 6.9% of non-small cell lung cancer patients (2 or 10 mg/kg, every 2 or 3 weeks) in a phase I pembrolizumab trial (6) . In a subsequent phase II/III study, hypothyroidism was observed in 8% (2 or 10 mg/kg) and hyperthyroidism in 4 -6% (2 or 10 mg/kg) of patients (7). Our findings highlight the importance of a systematic follow-up of thyroid function tests in this population. Thyrotoxicosis due to suspected inflammatory thyroiditis developed rapidly after the first pembrolizumab dosing. The vigorous onset and the short lag time for evolution toward hypothyroidism are compatible with inflammatory destruction rather than stimulation of the thyroid related to stimulatory autoantibodies. Results of 18 FDG-PET/CT imaging analysis were also in favor of an inflammatory thyroiditis because diffuse increased 18 FDG uptake in the thyroid gland was observed. This finding has also been reported in other forms of inflammatory thyroiditis including Graves' disease, incidental chronic lymphocytic thyroiditis (21) (22) (23) , and in a case report on two transiently thyrotoxic patients receiving nivolumab (anti-PD-1) immunotherapy (24) . When reporting 18 FDG-PET/CT in patients treated with pembrolizumab, clinicians should be aware that this finding might indicate inflammatory thyroiditis. Further systematic assessment needs to confirm our findings and explore the usefulness of 18 FDG uptake in all patients with thyroid dysfunction on pembrolizumab. In thyrotoxic patients on pembrolizumab, we suggest the use of radioiodine/Tc99m scintigraphy for the evaluation of pembrolizumab-associated inflammatory thyroiditis in future studies. Thyroid scintigraphy would demonstrate a decreased tracer uptake during the thyrotoxic period, such as the one patient case evaluated by Tc99m thyroid scan in this cohort. On the subject of pembrolizumab-associated hypothyroidism, it is unclear whether discontinuation of levothyroxine is achievable on the long-term. In Hashimoto's thyroiditis, cessation of thyroid replacement therapy is often not possible (25) . Further evaluation is needed to determine whether this also holds true for pembrolizumab-associated hypothyroidism.
One of the shortcomings of our study is the limited total duration of follow-up after the first pembrolizumab dosing, mainly in patients without a thyroid-related AE. The overall incidence of thyroid dysfunction may be underestimated. Nevertheless, we describe a higher than previously reported incidence of thyroid-related AE, which could be biased by prior ipilimumab immunotherapy. After all, most patients were not immunotherapy-naive when pembrolizumab was initiated, although checkpoint blockade therapy was always administered sequentially and never combined. This is very important because the combination of anti-PD-1 and anti-CTLA-4 mAb therapy is associated with an increased risk of thyroid irAE. For instance, in a phase III melanoma study, hypothyroidism was observed in 8.6% of patients treated with nivolumab (anti-PD-1) alone, which almost doubled to 15% when combined with ipilimumab (anti-CTLA-4) immunotherapy (26) . A washout period of at least 4 weeks between the last dosing of the most recent therapy (ipilimumab, B-Raf, or MEK inhibitor) and the first pembrolizumab dosing was implemented in the KEYNOTE-002 trial to account for the possible increased risk of irAE if pembrolizumab was initiated shortly after the last ipilimumab dosing (8) . In our study, a relative increase in the incidence of thyroidrelated AEs was observed in patients with an ipilimumab washout period Յ4 weeks. Most of the observed thyroidrelated AEs are likely induced by pembrolizumab. Many patients either were ipilimumab-naive or had a washout period of prior ipilimumab therapy Ͼ5 times its half-life. The latter is in agreement with a phase II trial in which ipilimumab did not induce objective responses or endocrine-related AEs of any grade when administered at a low dose of 0.3 mg/kg (27) . However, it is impossible to exclude the possibility that the effect of prior ipilimumab mAb therapy carries over, even without therapeutic plasma levels. Another consideration is the presence of confounding factors not related to checkpoint blockade therapy. For example, the use of radiographic contrast media is associated with thyroid dysfunction (28) , and iodine-induced hyperthyroidism has been described in patients without a history of thyroid disorder (29 -31) . Severe melanoma progression associated with a predominantly low fT3, suggestive of euthyroid sick syndrome, cannot be definitively excluded because fT3 was not routinely analyzed. Curiously, neither a history of preexisting thyroid disease nor thyroid dysfunction related to prior ipilimumab immunotherapy was identified as a major risk factor for thyroid dysfunction on pembrolizumab therapy in this cohort.
Future studies should focus on the underlying mechanisms of thyroid dysfunction. Pembrolizumab mAb therapy activates peripheral antitumor effector T cells by blocking the PD-1 receptor which, together with its ligand, is an important negative immune regulatory signal (1, 32, 33 ). We hypothesize a destructive thyroiditis mediated by autoreactive T cells against the thyroid gland, given the nature of the immune-stimulating mechanism of immune checkpoint blockade. However, histopathological correlates are not yet available. We suggest a bystander role for thyroid autoantibodies because these were not detectable in all patients, both in our cohort and in other reports. In a retrospective analysis of pembrolizumab-treated cancer patients at the Mayo Clinic, TPOAbs were observed in 50% of analyzed patients. However, TPOAbs were not elevated in their reported cases of thyroiditis (10) . In the case series on painless thyroiditis syndrome after anti-PD-1 mAb therapy, Orlov et al detected TPOAbs in 67% of patients (11) . The predictive role of thyroid autoantibodies remains unsettled. It would be of interest to prospectively evaluate thyroid autoantibodies at baseline and during follow-up because their presence could be a risk factor for inflammatory thyroiditis on pembrolizumab. In autoimmune thyroid disease, the presence of antithyroid antibodies correlates well with a T-cell infiltration in the thyroid gland (34) , and patients with subclinical hypothyroidism and positive TPOAb are at increased risk of developing overt hypothyroidism (35) . Pembrolizumab is an IgG4 mAb, an Ig subclass not associated with antibodydependent cellular cytotoxicity or complement-dependent cytotoxicity (36) . Therefore, it is unlikely that pembrolizumab directly triggers an immune reaction via the interaction with the PD-1 receptor expressed by the thyroid gland.
Patients receiving novel immune checkpoint inhibitors should be surveyed closely for the induction of autoimmune AEs as illustrated in the present cohort study. Pathophysiological mechanisms underlying the clinical observation of thyroid dysfunction need further investigation to underpin the processes involved.
Conclusion
Thyroid dysfunction is common in pembrolizumabtreated melanoma patients; hypothyroidism and thyrotoxicosis due to inflammatory thyroiditis are the most frequent presentations. Thyroid hormone replacement therapy is often required for pembrolizumab-associated hypothyroidism. Serial measurements of thyroid function tests are indicated, especially during the first weeks of pembrolizumab therapy. A diffuse increase of 18 FDG uptake in the thyroid gland of pembrolizumab-treated patients can further point to the diagnosis of an inflammatory thyroiditis. The predictive role of thyroid autoantibodies should be investigated further, as well as the histopathological correlates.
